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Thermoelectric generators (TEGs) have received a great attention in the field of renewable energy resources due to their superior
ability of converting untapped waste heat into usable electricity. In order to boost the conversion efficiency of TEG and to retrieve
the transient heat, this paper demonstrates the role of nanostructured graphite (G) and graphene oxide (GO) decorated phase-
change material (PCM) of D-mannitol attached with the hot end of commercial thermoelectric module on enhancement of
conversion efficiency and power output. Presence of G and GO on the matric of D-mannitol has been confirmed by powder
XRD and FE-SEM. The open circuit voltage (V) and short circuit current (I) of TEG attached with PDM, G/PDM, and
GO/PDM were recorded for the heating and cooling cycles in the temperature range of 325-450K. Particularly, the
experimentally measured V.. and I, of TEG with only PDM are 1.23V and 90mA, respectively, for the temperature
difference of AT - 118K, whereas the maximum V. of TEG attached with GO/PDM drawn in presence of an external heater
is 4.5V for AT -~ 118 K. Further, the maximum output power of TEG with GO-PCM drawn in the heater-ON and heater-OFF
is 1012.5mW and 450 mW, respectively.

1. Introduction of p-type and n-type thermoelements connected electrically in
series and thermally in parallel [2-5].

Excessive consumption of fossil fuels and energy demand for The efficiency of TEG can be defined through a relation [3]
mankind led to severe ecological difficulties, such as climate
change, ozone layer depletion, and global warming [1]. Waste _
heat recovery can be one of the important solutions to recover _ Ty = Teqa (VI+2T 1 (1)
waste heat that is released from the automobile exhausts, Thot V1+ 2T tTega! Thot |

power plants, and metallurgical industries which could be

converted into usable electricity using thermoelectric (TE)

materials. Generally TE generators (TEGs) work on the prin-
ciple of Seebeck effect where one end of the TEG kept at hot
side and other end is maintained at low temperature that gen-
erates voltage across the TEG. A TE module has large number

where T}, and T4 are temperatures of hot-end and cold-
end temperature of TEGs, respectively. Further, zT is the
figure-of-merit which can be defined through a relation given
below.
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where S, 0, K,,,> and T stand for Seebeck coeflicient, electrical
conductivity, total thermal conductivity, and temperature,
respectively.

Typically, TE modules are classified based on the operating
temperature such as low temperature (300-525K), medium
(500-900 K), and high temperature (900 K) TEGs with appro-
priate p and n-type materials of Bi, Te,, PbTe, and SiGe, respec-
tively [2-8]. Based on the operating temperatures, TEGs can be
used in various applications such as biomedical applications,
microsensors, power generation from automobiles, and space
[6-9]. However, the main barriers for the development of
TEG are (i) relatively less efficiency, (ii) issues on contact mate-
rials, (iii) parasitic losses on the TE devices, and (iv) constant
maintenance of temperature difference [2, 3].

Nevertheless, commercially available TEGs are mostly
based on Bi, Te, materials, which are salient to recover the waste
heat when temperature difference is constantly maintained.
Most of the heat releasing resources, such as car exhausts, heat
plants, and metallurgical laboratories, are transient in nature
which has to be stored and employed effectively. In this content,
phase-change materials (PCMs) are known for their superior
heat storage [10] and release of latent heat which made them
to use it in solar-based space power generation, industrial waste
heat recovery, textiles, buildings, air conditioning systems, and
electronic cooling [11-13]. However, low heat transfer rate of
PCM can be improved by adding high thermal conductivity
material with PCM [14]. Additionally, thermal conductivity of
PCM can also be further enhanced by forming fin structure,
capsule structure, and porous medium structures [15-17]. For
powering sensors in aircraft wings, thermoelectric generators
(TEGs) with phase-change material are effectively used [18,
19]. To enhance reverse power generation, experimental inves-
tigation of cupric acid PCM integrated with TEG was done and
obtained V. of 3.3V for the heat flux of 2250 W/m? which can
be an efficient method of cooling the electronic devices [20].
Saced et al. have investigated two-stage thermoelectric power
generation (TTEG) system with phase-change materials which
generates the conversion efficiency of 27% more potential than
the single-stage TEG, and it is most suitable for wireless sensor
nodes (WSNs). TTEG produces the open circuit voltage of
0.38 V for the time duration of 7900 sec when heater is off, while
the single-stage TEG generates the same voltage within the time
period of 2100sec [21]. Additionally, different position (hot
side, cold side, and both side) of aluminum box filled with
PCM is compared with normal TEG without PCM, whereas
PCM in the hot side can protect the TE device from high
temperature [22]. Different nanofillers such as carbon fiber,
graphene nanoplatelets, and multiwalled carbon nanotubes
with paraffin-based PCM were compared, and it is observed
that the improvement was obtained using graphene nanoplate-
lets [23]. Moreover, the integration of multiwalled CNTs and
AlLO; nanoparticle with paraffin PCM reduces the thermal
resistance and slightly increases the phase-change temperature
[24]. Manikandan et al. [25] have examined the performance
of low concentrated photovoltaic module (CPV) with phase-
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change material by varying heat input, fin quantity, solar con-
centration ratio, and amount of PCM. The CPV temperature
was maintained constant during the phase change of the PCM
which indeed increased the power output and efficiency of
CPV to 22% and 27% higher than the case without PCM. Jame
et al. [26] have investigated the performance of D-mannitol
PCM kept in the hot side of TEG to recover transient heat to
boost the conversion efficiency. It generates an open circuit
voltage of 1.23V, and in the presence of heater-on and heater-
off condition, the maximum power drawn is 20.8 mW and
0.48mW. In reference [27], due to aerodynamic heating in
flights, more amount of heat is wasted. In order to improve
the structural heat conduction, PCM along with TEG is used
and this composite structure reduces maximum temperature
by 180K and maximum thermal stress by 110 Mpa. Output
power improved by 64.8% through structural optimization
under flight condition.

Here, we demonstrate and validate the transient heat
storage and power generation performance of TEG with
nanoenhanced D-mannitol PDM. A special experimental setup
was designed and examined to recover the transient waste heat
and convert them into a useful electrical energy. An aluminum
container filled with G/PDM and GO/PDM kept in between
the external heater and the hot end of TEG. During heater-
on condition, heat is absorbed by PDM and the maximum
open circuit voltage obtained with G/PDM and GO/PDM
was 2.5V and 4.5 V where cold-side temperature is maintained
at 301 K. In closed circuit condition, due to drop across internal
resistance, the maximum voltage of G/PDM and GO/PDM
thus obtained reduces to 1.25V and 2.25V. Interestingly, at
heater-off condition, G/PDM and GO/PDM release the stored
heat energy from PCM to TEG which produces the maximum
power of 23mW and 73mW. Particularly, at heater-off
condition, the generated voltage persists for 40 minutes which
suggests that in the absence of external thermal energy, the
transient heat can be effectively stored via G- and GO-
embedded PCM material that could be performed as hot-side
temperature of TEG and thereby TEG can continuously gener-
ate the power.

2. Experimental Section

2.1. Preparation of Graphene Oxide. With a concern to synthe-
sis, the graphene oxide using Hummer’s method, graphite flakes
(2.5g), and sodium nitrate (2.5 g) were added in a 1000 ml bea-
ker with 50ml of concentrated sulphuric acid (H,SO,). The
reaction mixture should be stirred for 2 hours in an ice bath
(0-5°C), where potassium permanganate (KMnO,) (8g) was
added to the reaction mixture and maintain a reaction temper-
ature lower than 288 K. The ice bath was removed later, and the
reaction mixture continuously stirred at 308 K until it forms
colloidal solution. The reaction mixture at a temperature of
371K was diluted with 120ml deionized water with efferves-
cence, and a color changes to brown was observed. Finally,
the solution is treated with 15ml of H,0, (30%) to terminate
the reaction by removing -COOH group and excess oxides.
Here, color of solution turns into yellow. The resulting mixture
was washed with DI water and 10% diluted HCI and centri-
fuged at 5000 rpm to remove unwanted residues [28].
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2.2. Preparation of PCM Material. High pure (~99.99%) phase-
change material (PDM) of D-mannitol was procured from Alfa
Aesar. Powder of PDM (30 g) was taken in a beaker and heated
at 453K for 2 hours so as to reach its phase-change tempera-
ture. The melted PDM was stirred at 1000 rpm for 1 hour to
have high homogeneity of PCM, and then, melted PCM was
transferred into an aluminum container, and the sample is
labelled as PDM. For making G/PDM (PCM with graphite
powder), the melted D-mannitol (30 g) was mixed with graph-
ite powder (0.3 g) and stirred at the rotation speed of 1000 rpm
for 2 hours to have high homogeneity of G/PDM and sealed in
an aluminum container without any leakages. For making GO/
PDM (PCM with nanostructured graphene oxide), melted D-
mannitol (30 g) mixed with graphene oxide (0.3 g) is taken in
a beaker, and to have high homogeneity, it is stirred at the rota-
tion speed of 1000 rpm for 2 hours. The final sample from the
magnetic stirrer was poured in an aluminum PCM container
and properly sealed without any leakages.

2.3. Design and Fabrication of TE Efficiency Measurement
System. Thermoelectric (TE) efficiency measurement system
was designed and fabricated indigenously, as shown in
Figure 1. The input heat to the hot side of TEG is supplied
by the electric heater. Ceramic wafer insulated TE module is
kept in between copper plates and mica sheets for uniform
heat distribution. In order to improve the heat transfer, ther-
mal grease is pasted on the hot and cold side of TEG. In the
cold side of TE module, water is circulated by the submersible
pump and a chiller is used to cool the cycled water. Three
mechanical springs are used in the TE efficiency measurement
system to ensure proper thermal contact across cold and hot
side of TEG. To measure the load voltage (V) and load cur-
rent (I;) under closed circuit condition, the load resistance
of 4.5 Q was connected in output leads of the TEG.
According to the dimension of TE device, an aluminum
container was designed with a dimension of 40 mm x 40 mm
x 100 mm where the melted samples of only PCM, G/PCM,
and GO/PCM were filled inside and sealed without any leak-
ages. Figure 2 shows the block diagram representation of
PCM attached TEG in the TE efficiency measurement system.
For measuring hot side and cold-side temperature, two ther-
mocouples were connected at the bottom and top of TEG.
The uncertainty of experimental setup is typically less than
5%. Multimeter (MS8040) was used to measure open circuit
voltage (V5¢), load voltage (V;), and load current (I;).

2.4. Characterization Techniques

2.4.1. X-Ray Diffraction (XRD). Powder X-ray diffraction is
performed on PDM, G/PDM, and GO/PDM using BRUKER
D8 Advance, with Cu-Ka radiation (A = 1.5406 A) to identify
its phase purity and presence of graphite and graphene oxide
in the matrix of D-mannitol. The Bragg’s diffracted angle 20
was recorded from 10 to 100 degrees with a step size of 0.03.

2.4.2. Scanning Electron Microscope (SEM). Powders of PDM,
G/PDM, and GO/PDM were analysed using high-resolution
scanning electron microscope (HR-SEM) (Thermo Scientific
Apreo S, USA) to investigate the surface morphology and
elemental composition.

2.4.3. Differential Scanning Calorimetry (DSC). Phase and
thermal stability analysis was performed on PDM, G/PDM,
and GO/PDM using differential scanning calorimetry (DSC
STA2500, NETZSCH, Germany). The analysis was per-
formed using 2.9 mg of PDM, under N, atmosphere at a flow
rate of 40-60 ml/min. For all the samples, pierced aluminum
(Al) was used as reference.

3. Results and Discussions

3.1. Powder X-Ray Diffraction. Figure 3 presents the powder
X-ray diffraction pattern of PDM, G/PDM, and GO/PDM.
PDM thus commercially purchased from Alfa Aesar adopts
the orthorhombic structure with a space group of P2,2,2,
which could be indexed with the (JCPDS 00-008-0753). Fur-
ther, samples of graphite (G) and graphene oxide (GO) have
also taken for PXRD and Bragg’s peak at 20 of 11 with cor-
responding plane of 002 confirms the graphite whereas
graphite oxide (GO) was confirmed by the plane of 001 at
the Bragg’s peak of 26. Presence of G and GO on the matrix
of PDM was also confirmed from the powder XRD pattern.
The lattice parameters for PDM powder were calculated
from using unit cell software, and it is found to be a=
8.694A, b=16.791A, and ¢=5.543A with a unit cell
volume (V) = 809 A°.

3.2. Scanning Electron Microscope Micrograph. Figure 4 pre-
sents the scanning electron micrographs of PDM, G/PDM,
and GO/PDM powders. The powder morphology of PDM
shows a random morphology with mixed agglomerated
structures, as shown in Figure 4(a). Presence of graphite
and graphene oxide in the matrix of PDM is seen as layered
sheets, as illustrated in Figures 4(a) and 4(b). The GO/PDM
is also evidently convinced to have layered sheet structures
and corresponding EDX spectra confirms the presence of
carbon and oxygen in equiatomic ratio.

3.3. Differential Scanning Calorimetry (DSC) Analysis. DSC
curves of PDM, G/PDM, and GO/PDM show the melting
and crystallizing processes in temperature range of 350-
455K. Figure 5 clearly distinguishes the phase transition of
PDM, G/PDM, and GO/PDM, and the heating rate was
maintained as 5°C per minute in the measured temperature
range. From Figure 5, the PDM sample is entirely in solid
phase from room temperature to 433K, after which an
endothermic sharp peak starts at a temperature of 436.8 K
and reaches its maximum at 440.1 K, where complete melt-
ing is observed. On the other hand, sample of G/PDM shows
the slightly different trend where the melting starts at 435K
and reaches its maximum at 442 K. Moreover, in GO/PDM
sample, the melting starts at 435K, and peak melting is
observed at 437 K. Further, it is inferred that the strong C-
C bond in graphite has contributed to higher melting tem-
perature as the bond breaking requires higher energy than
GO and pure samples. The uncertainty of DSC measure-
ment is typically less than 5%.

3.4. Open Circuit Voltage of TEG. Figure 6(a) shows open cir-
cuit voltage (V) with respect to time for only PDM, G/
PDM, and GO/PDM. From the graph, it is clearly understood
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FIGURE 3: Powder XRD pattern of PDM, G/PDM, and GO/PDM
samples.

that the melting of PDM takes place after 90 minutes and
reaches the peak melting point at 150 minutes. When nano-
materials such as GO, G added with PDM, thermal conductiv-
ity of PDM is increased, and improved heat transfer is
obtained whereas melting of G/PDM starts at 30 minutes
and reaches sharp melting point at 65 minutes. Due to the
improved thermal conductivity of GO/PDM, melting starts
immediately after 10 minutes and reaches peak melting point
at 30 minutes.

Figure 6(b) shows the open circuit voltage with respect
to hot side of TEG. During open circuit condition, an exter-
nal heater is used to supply heat to PDM which gradually
rises the temperature of TEG at hot side, where cold side is
maintained at 301 K. Due to the temperature difference
across the hot and cold side of TEG, there is a voltage
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FIGURE 4: FE-SEM micrographs of (a) PDM, (b) G/PDM, and (c) GO/PDM.
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powder samples.

generation; however, the measurement is done under steady-
state condition where PDM, G/PDM, and GO/PDM
undergo a phase transition at 433K, 432.5K, and 430K. As
hot-side temperature increases, the V. of the TEG also
increases.

When hot-side temperature is 330 K with the cold-side
temperature of 301K, the open circuit voltages (V) thus
obtained in PDM, G/PDM, and GO/PDM are 035V, 0.7V,
and 0.9V, respectively. The V. of TEG attached with
PDM, G/PDM, and GO/PDM increases with increase in
hot-side temperature. Due to external heat, the PDM in the
hot side of TEG starts melting at 433K so there is a gradual
increase in voltage. When the hot-side temperature reaches

436.85 K, voltage produced is also at maximum and it remains
constant for 10 minutes till hot-side temperature reaches
440K. At this stabilized temperature, the maximum voltage
thus obtained with is 1.23V from TEG with PDM at
AT -118K.

When G/PDM is used, melting starts at 432.5K and
reaches a peak temperature at 442.25K. The V. of G/
PDM attached TEG is notably high when compared to bare
PDM attached TEG in the measured hot-side temperature.
Due to high thermal conductivity of graphite, it enhances
the heat transfer rate of PCM and increases the hot-side
temperature of TEG, which results in the maximum open
circuit voltage 2.5V at AT~ 118K.

When GO/PDM is used, melting starts at 430K due to
improved thermal conductivity and reaches a peak tempera-
ture at 440.4 K. Voltage thus produced is 4.5V at AT - 118K
which is relatively high as compared to PDM and G.

Figure 6(c) shows the open circuit voltage with respect to
time. When heater is off at 448 K, PCM stops melting and it
starts releasing the stored heat. At this junction, the temper-
ature difference is maintained for actual duration between
hot and cold side of TEG. The maximum voltage drawn dur-
ing the process of heater-off condition from the TEG with
only PDM, G/PDM, and GO/PDM is 0.809V, 2V, and
29V at AT ~95K. The maximum time duration for voltage
generation during the process of heater-off condition with
only PDM, G/PDM, and GO/PDM is 25, 30, and 40
minutes, respectively.

3.5. Closed Circuit Voltage of TEG. The measured V; during
heater on and off is shown in Figures 7(a) and 7(b), and the
measured I; during heater on and off is shown in Figures 8(a)
and 8(b). When heater is on, the hot-side temperature is
330K and cold-side temperature is 301 K and the V| obtained
for only PDM, G/PDM, and GO/PDM is 0.1V, 0.25V, and
0.5V. Due to increase in heat, the PDM starts melting, and
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the closed circuit voltage is relatively low compared to open cir-
cuit voltage due to drop across current and internal resistance.
The maximum voltages thus obtained for only PDM, G/
PDM, and GO/PDM are 0.8V, 1.25V, and 2.25 V, respectively,
for AT -~ 118 K. And the stabilized maximum value of current is
26 mA, 115mA, and 450 mA, respectively, for AT -~ 118 K. Fur-
ther, when PDM is kept in the hot side of TEG, the effect of heat
fluctuations can be reduced and the constant heat can also be
maintained, which assists to protect the TEG. Interestingly, at
heater-off condition, the maximum voltages generated for time
duration with only PDM, G-PDM, and GO-PDM are 0.402V,
1.2V, and 1.5V with 25, 30, and 40 minutes, respectively, for
AT -95K.

3.6. Power Output of TEG. Power output thus obtained dur-
ing closed circuit condition during heater on and off is
shown in Figures 9(a) and 9(b). During heater-on condition,
when hot-side temperature is 330K and cold-side tempera-
ture is 301 K, the output power obtained using only PDM,

G-PDM, and GO-PDM is 0.9mW, 525mW, and
12.5mW. As T, increases, generated power from TEG also
increases in PDM, G-PDM, and GO-PDM to 22.1mW,
143mW, and 1012.5mW at AT ~118K. During heater-off
condition, the maximum value of power generation by
GO-PDM is 450mW for 5 minutes, whereas it decreases
gradually to 30 mW after 25 minutes. The maximum output
power of TEG during heater-oft condition with only PDM,
G-PDM, and GO-PDM is 15mW, 70mW, and 450 mW
for the maximum time duration of 20, 30, and 40 minutes.

4. Conclusion

We have effectively demonstrated the enhancement in the
power output of commercially available TEG by attaching
graphite (G) and graphene oxide (GO) decorated D-mannitol
nanocomposites. Presence of G and GO in the matrix of D-
mannitol has been confirmed by XRD and FE-SEM. Using
GO/PDM, thermal conductivity was improved compared to



G/PDM. The open circuit voltage and short circuit current of
TEG attached in the PDM, G/PDM, and GO/PDM were
recorded for heating and cooling in the temperature of 325-
450K. Particularly, the maximum open circuit voltage of
PDM, G/PDM, and GO/PDM drawn is 123V, 2.5V, and
4.5V at AT ~118K. Further, the maximum power generation
of PDM, G/PDM, and GO/PDM during heater-on condition
is 22.1 mW, 143 mW, and 1012.5mW at AT - 118K. During
heater-oft condition using stored heat, the maximum power
generated by PDM, G/PDM, and GO/PDM was 3.618 mW,
57.6mW, 450 mW and at AT ~95K. Thus, the present study
indicates addition of graphene oxide with D-mannito] PCM
could be a potential phase-change material for transient heat
recovery.
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